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Available online 14 July 2016AbstractData was acquired from both the drillings and core samples of the Lower Paleozoic Qiongzhusi and Longmaxi Formations' marine shale gas
reservoirs in the southern Sichuan Basin by means of numerous specific experimental methods such as organic geochemistry, organic petrology,
and pore analyses. Findings helped determine the characteristics of organic matter, total porosity, microscopic pore, and pore structure. The
results show that the Lower Paleozoic marine shale in the south of the Sichuan Basin are characterized by high total organic carbon content
(most TOC> 2.0%), high thermal maturity level (RO ¼ 2.3%e3.8%), and low total porosity (1.16%e6.87%). The total organic carbon content
and thermal maturity level of the Qiongzhusi Formation shale are higher than those of the Longmaxi Formation shale, while the total porosity of
the Qiongzhusi Formation shale is lower than that of the Longmaxi Formation shale. There exists intergranular pore, dissolved pore, crystal
particle pore, particle edge pore, and organic matter pore in the Lower Paleozoic Qiongzhusi Formation and Longmaxi Formation shale. There
are more micro-nano pores developed in the Longmaxi Formation shales than those in the Qiongzhusi Formation shales. Intergranular pores,
dissolved pores, as well as organic matter pores, are the most abundant, these are primary storage spaces for shale gas. The microscopic pores in
the Lower Paleozoic shales are mainly composed of micropores, mesopores, and a small amount of macropores. The micropore and mesopore in
the Qiongzhusi Formation shale account for 83.92% of the total pore volume. The micropore and mesopore in the Longmaxi Formation shale
accounts for 78.17% of the total pore volume. Thus, the micropores and mesopores are the chief components of microscopic pores in the Lower
Paleozoic shale gas reservoirs in the southern Sichuan Basin.
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Great breakthrough of marine shale gas in China has been
made in the Fuling in the southeastern Sichuan Basin, the
Changning, and Weiyuan blocks in the south of Sichuan Basin,
especially the first billions of cubic meters of shale gas field
has been proven in the Jiaoshiba structure in the Fuling,
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exploring and developing shale gas. The study of shale pore
characteristics is one of the important basic content to eval-
uate shale gas reservoir properties [1e3]. Many scholars at
home and abroad [4e21] have done a lot of research
regarding pore characteristics and structure of marine shale
from different scales and angles to study the reservoir space,
pore types, pore structure, and pore connectivity of shale gas
reservoir.
The marine shales in the Lower Cambrian Qiongzhusi
Formation (21q) and the Lower Silurian Longmaxi Forma-
tion (S1l) are the key target layers of the Lower Paleozoic
shale gas exploitation in the south of Sichuan Basin [4,5]. In
the recent years, dozens of shale gas wells have been drilled in
this region. There exist both high-yield shale gas wells which
produce hundreds of thousands of cubic meters of gas per day
and low-yield shale gas wells which produce thousands of
cubic meters gas per day. Some domestic scholars
[4,9,15,17,21,22] researched more on pore structure and
characteristics of the Lower Paleozoic shale gas reservoir in
the Sichuan Basin. However, the research work on the com-
parison of microscopic pore characteristics between the
Longmaxi Formation shale and the Qiongzhusi Formation
shale remains to be limited, which hinders the study of the
occurrence and enrichment mechanism of shale gas. There-
fore, based on the data from drillings and core samples, we
comprehensively used the scanning electron microscope,
high-pressure Hg injection, N2 and CO2 gas adsorption ex-
periments to focus on the study of the characteristics of
microscopic pore and pore structure from the Lower Paleozoic
Qiongzhusi Formation and Longmaxi Formation marine shale
gas reservoir in the southern Sichuan Basin. This study aims
to provide data to uncover the enrichment mechanism of
marine shale gas as well as the basis for exploration and
development of the Lower Paleozoic shale gas in the Sichuan
Basin and its peripheral areas.
2. Samples and experimental method
In this study, marine shale samples were collected from six
drilling wells in the Changning, Weiyuan blocks of national
shale gas demonstration zone and their peripheral areas in the
southern Sichuan Basin. The wells and sampling distributions
in the study area are shown in Fig. 1, which include the Well
Y203 and Well Y201 belonging to the shale gas wells in the
Changning block, and the Well Y106 in the Weiyuan block.
The 38 shale samples from the Lower Paleozoic marine strata
were collected in the southern Sichuan Basin in which 10
shale samples are from the Qiongzhusi Formation and 28 shale
samples are from the Longmaxi Formation.
The aforementioned shale samples were analyzed by
various experiments such as total organic carbon content
(TOC ) analysis, maceral determination, marine vitrinite-like
reflectance (RO), the total porosity measurement, scanning
electron microscopy (SEM) analysis, high-pressure Hg injec-
tion, and low-temperature N2 and CO2 gas adsorption
(Table 1).3. Experimental results and discussion3.1. Organic matter and porosity characteristicsAs shown in Table 2, the Lower Paleozoic Qiongzhusi
Formation and Longmaxi Formation marine shales can be
characterized as rich in organic matter with high total organic
carbon content (TOC ), high thermal maturity level, and low
total porosity. The TOC value of the Longmaxi Formation
shale ranges from 0.10% to 5.0%, with an average TOC value
of 2.37%. The samples whose TOC value is over 2% account
for about 70% of the shale. Due to the experiment, we can find
that the TOC value of the shale from the lower part of the
Longmaxi Formation is evidently higher than the shale from
the upper part. The Longmaxi Formation shale has reached an
over-mature stage, in which the marine vitrinite-like reflec-
tance (RO) ranges from 2.31% to 3.32%. The Longmaxi
Formation shale's total porosity ranges from 2.35% to 6.87%
with an average of 4.49%. The TOC value of the Qiongzhusi
Formation shale ranges from 1.0% to 4.7%, the average is
2.85%; samples whose TOC value is over 2% account for 83%
of the shale. The organic matter of the Qiongzhusi Formation
shale has reached over-mature evolution level, its marine
vitrinite-like reflectance (RO) ranges from 3.15% to 3.78%;
the range of total porosity is 1.16%e3.76% with an average of
2.57%. On the contrary, the total organic carbon content
(TOC ) and thermal maturity level (RO) of the Qiongzhusi
Formation shale are higher than those of the Longmaxi For-
mation shale; while the total porosity of the Qiongzhusi
Formation shale is significantly lower than that of the Long-
maxi Formation shale.3.2. Microscopic characteristic of poreThe pore is the storage space of shale gas. The microscopic
characteristic of pore largely determines the performance of
shale gas reservoirs [1e3]. By means of the VEGALSH Ⅱ field
emission scanning electron microscope whose main purpose is
to observe micro-scale pores, and the argon ion polishing
Quanta 200F field emission scanning electron microscope
whose main purpose is to observe nanoscale pores, the
microscopic characteristic of pores were systematically
observed and analyzed in the shale samples acquired from the
Lower Paleozoic Longmaxi Formation and Qiongzhusi For-
mation in the southern Sichuan Basin. The results show that
there exists intergranular pore, dissolved pore, intragranular
pore, and organic matter pore in the Qiongzhusi Formation
and Longmaxi Formation shale samples (Fig. 2). Not to
mention, the different types of micro-nano pores in the Lower
Paleozoic shale samples are well developed. The intragranular
pore of mineral particles, intergranular pore of clay minerals,
crystal particle pore of pyrite, dissolved pore of granular edge,
and organic matter pore are the most common components
which are the primary storage space for the Lower Paleozoic
shale gas [4,9,15,17,20,21]. In comparison, the microscopic
pores of the Longmaxi Formation shale samples are more
abundant than those of the Qiongzhusi Formation shale
Fig. 1. Well site (a) distribution (b, c) of the selected samples in the southern Sichuan Basin.
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are more micro-nano pores widely distributed in the Longmaxi
Formation shale. The pore connectivity of the Longmaxi
Formation shale is better, but the organic matter pore of the
Qiongzhusi Formation shale is rare with dispersed and isolated
micro-nano pore, as well as poor pore connectivity. Therefore,
the reservoir space types, micro-nano pores, and organic
matter pores of the Longmaxi Formation shales are more
developed than those of the Qiongzhusi Formation shales,
which have caused the variances of the occurrence andenrichment of shale gas between the Longmaxi Formation and
Qiongzhusi Formation in the southern Sichuan Basin.3.3. Pore structureThe pore structure of shale has an important influence on
the storage capability of shale gas [2,3,6e9,12,14,15,19e21].
In order to come up with an effective representation of pore
structure characteristics of the Lower Paleozoic marine shales
in the southern Sichuan Basin, 17 shale samples of the
Table 1
Experimental analysis methods of shale samples.
Serial no. Analysis test item Experiment instrument Experimental purpose and application
1 Total organic carbon content Leoco carbon & sulfur-200 analyzer Organic matter abundance of shale
2 Maceral analysis MPV-3 microscope spectrophotometer Organic matter content and type of shale
3 Marine Vitrinite-like reflectance MPV-3 and LECIA DM 4500P microscope
spectrophotometer
Organic matter maturity of shale
4 Porosity (HeeHg method) QKY-ZN intelligent porosimeter The total porosity of shale
5 Analysis of ordinary scanning electron
microscope
VEGALSH Ⅱ scanning electron microscope Characteristics of shale micro-scale pore
6 Analysis of argon ion polishing-field
emission scanning electron microscope
Quanta 200F field emission scanning
electron microscope
Characteristics of shale nano-scale pore
7 High pressure Hg intrusion Pore Master GT60 automatic pore analyzer
(mercury porosimeter)
Distribution and porosity of shale
macropore (>50 nm)
8 N2 absorption experiment at low temperature NOVA 4200e specific surface area and pore
size analyzer
Pore volume, specific surface area and
pore size distribution of shale mesopore
(2e50 nm)
9 CO2 absorption experiment at low temperature NOVA 4200e specific surface area and pore
size analyzer
Pore volume, specific surface area and pore
size distribution of shale micropore (<2 nm)
Table 2
Results of the organic matter characteristics and porosity analyses of the Lower Paleozoic shale samples in the southern Sichuan Basin.
Stratum Well Depth/m Total organic carbon content (TOC )/% Thermal maturity level (RO)/% Total porosity/%
The Longmaxi Formation (S1l) Y201 2480.2e2516.9 1.13e5.00/2.54 (6) 2.31e2.60/2.53 (6) 4.50e5.82/5.12 (5)
Y203 2100.6e2379.9 0.08e4.38/0.68 (22) 2.71e3.02/2.85 (22) 2.35e6.87/4.24 (12)
The Qiongzhusi Formation (21q) Y106 2564.0e2684.0 0.34e2.06/1.29 (3) 3.15e3.32/3.22 (3) 1.35e3.68/2.62 (3)
YZ4 4229.0 1.54 (1) 3.47 (1) 2.36 (1)
YM9 4964.5e4966.4 3.35e4.71/4.03 (2) 3.51e3.65/3.58 (2) 2.98e3.15/3.07 (2)
YA1 5028.6e5032.5 1.30e2.35/1.87 (4) 3.52e3.78/3.65 (4) 1.16e3.76/2.33 (4)
Note: 1.30e2.35/1.87 (4) represents minimumemaximum/average (sample numbers); RO is the measured value of the marine vitrinite-like reflectance; Data of
total porosity are measured through the HeeHg method.
198 X. Li et al. / Journal of Natural Gas Geoscience 1 (2016) 195e202Longmaxi Formation and 10 shale samples from the
Qiongzhusi Formation were analyzed by using high-pressure
Hg injection, low-temperature N2, and CO2 adsorption
experiments.Fig. 2. Analysis of microscopic pore scanning electron microscopy of the Longmax
Intergranular pore of clay minerals and crystal particle pore, YA1-2, 5030.4 m,21q
7240; (c) Organic matter pore, Y106-4, 2684 m, 21q shale, 19170; (d) Organi
minerals and organic matter pore, Y203-16, 2292 m, S1l shale, 200k; (f) OrganiThe results of the N2 adsorption experiment show (Fig. 3)
that the variation trend of the N2 adsorption curves of the
Lower Paleozoic Longmaxi Formation shale samples in the
southern Sichuan Basin is generally the same as that of thei and Qiongzhusi Formations shale samples in the southern Sichuan Basin. (a)
shale, 8110; (b) Particle pore of clay minerals, Y203-16, 2292 m, S1l shale,
c matter pore, Y203-19, 2340.5 m, S1l shale, 100k; (e) Particle pore of clay
c matter pore, YA1-2, 5030.4 m, 21q shale, 100k.
Fig. 3. N2 adsorption curves of the Longmaxi and Qiongzhusi Formations shale samples in the southern Sichuan Basin.
Fig. 4. CO2 adsorption curves of the Longmaxi and Qiongzhusi Formations shale samples in the southern Sichuan Basin.
199X. Li et al. / Journal of Natural Gas Geoscience 1 (2016) 195e202Qiongzhusi Formation shale samples. That is to say, when the
relative pressure of saturated vapor is less than 0.25, the
monolayer adsorption plays a dominant role, and the quantity
of N2 adsorption is low. When the curve is changed over a
portion between the monolayer adsorption and the multi-
molecular layer, the quantity of N2 adsorption gradually in-
creases. Whenever the relative pressure of the saturated vapor
ranges 0.5e0.9, the shape of the curve develops a hysteresis
loop that represents the adsorption part of the multi-molecular
layer. Not to mention, the quantity of N2 adsorption isFig. 5. Distribution of pore volume and specific surface of various pore types in the
Basin.increased quickly. The N2 adsorption curve of the Lower
Paleozoic shale samples is basically similar to the adsorption
curve type Ⅱ and the hysteresis loop type H3, which is defined
by the International Union of Pure and Applied Chemistry
(IUPAC) [22,23]. It is suggested that the pore structure of the
Longmaxi Formation and Qiongzhusi Formation shale in the
southern Sichuan Basin mainly reflects the characteristics of
the flat-shaped, cylinder shapes, and mixed pores.
The results of CO2 adsorption experiment (Fig. 4) show that
the entire variation trend of the CO2 adsorption curves of theLongmaxi and Qiongzhusi Formations shale samples in the southern Sichuan
Table 3
The characteristics of the pore structure parameters of both the Longmaxi and Qiongzhusi Formations shales in the southern Sichuan Basin.
Stratum Well Depth/m Total pore volume/(103 mL/g) Total specific surface area/(m2/g) Average pore diameter/nm
The Longmaxi Formation (S1l) Y201 2480.2e2516.9 10.50e19.39/15.60 (5) 10.57e27.62/19.52 (5) 3.59e3.82/3.70 (5)
Y203 2100.6e2379.9 6.23e24.96/13.27 (12) 4.95e29.40/14.01 (12) 3.38e4.73/4.05 (12)
The Qiongzhusi Formation (21q) Y106 2564.0e2684.0 4.40e6.75/5.59 (3) 2.73e8.92/5.76 (3) 3.90e6.09/4.75 (3)
YZ4 4229.0 5.21 (1) 4.88 (1) 5.02 (1)
YM9 4964.5e4966.4 8.78e12.55/10.66 (2) 17.07e21.99/19.53 (2) 3.22e3.40/3.31 (2)
YA1 5028.6e5032.5 2.86e3.95/3.44 (4) 5.92e6.51/6.12 (4) 3.85e7.53/5.30 (4)
Note: 0.12e0.73/0.42(4) represents minimumemaximum/average(sample numbers); micropores' data are derived from the DFT model of CO2 adsorption
experiment; mesopores' data are derived from the BET and BJH model of N2 adsorption experiment; macropores' data are derived from the high-pressure
Hg injection experiment.
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of the Qiongzhusi Formation shale samples in the southern
Sichuan Basin. Whenever the relative pressure of the saturated
vapor is less than 0.01, the quantity of CO2 adsorption is less
and the rate of CO2 adsorption increases. The rate of CO2
adsorption proceeds to slowly increase, in addition, the
quantity of the CO2 adsorption increases insignificantly and is
almost close to the saturated state, which is similar to the
adsorption curve typeⅠthat is defined by IUPAC [22,23]. This
reflects that the shale pore of the Longmaxi and Qiongzhusi
Formation in the southern Sichuan Basin mainly demonstrates
the adsorption feature of nano-pores.
Generally speaking, the distribution characteristics of nano-
pores of the Lower Paleozoic Longmaxi and Qiongzhusi
Formation marine shale samples in the southern Sichuan Basin
are ultimately identical for both the pore volume and specific
surface area. Namely, the nano-pore is primarily comprised of
micropore (<2 nm), mesopore (2e50 nm), and a small amount
of macropore (>50 nm) (Fig. 5). As shown in Table 3, the
distribution range of the total pore volume of the Longmaxi
Formation shale samples is (6.23e24.96)  103 mg/L with
an average of 13.96  103 mg/L. The total specific surface
area ranges from 4.95 m2/g to 29.40 m2/g with an average of
15.63 m2/g. The average pore diameter distribution ranges
from 3.38 nm to 4.73 nm. The average pore volume of
micropore together with mesopore accounts for 78.17% of the
total pore volume; meanwhile, the average macropore ac-
counts for 21.83% [21].
As shown in Table 3, the distribution range of the total pore
volume of the Qiongzhusi Formation shale is
(2.86e12.55)  103 mg/L with an average value of
5.71  103 mg/L. The total specific surface area is approx-
imately 2.73 m2/g to 21.99 m2/g in range, with an average
value of 8.57 m2/g. The average pore diameter distribution
ranges from 3.88 nm to 7.53 nm. The average pore volume of
micropore together with mesopore accounts for 83.92% of the
total pore volume; meanwhile, the macropore averagely ac-
count for 16.08%. Therefore, the micropore, mesopore, and
the small amount of macropore are widely developed in the
Longmaxi and Qiongzhusi Formations marine shales in the
southern Sichuan Basin. Thus, both the micropore and meso-
pore are mainly contributed to the nano-pores in the Lower
Paleozoic shale gas reservoirs.By comprehensively analyzing the experimental results of
the high-pressure Hg injection as well as the low-temperature
N2 and CO2 adsorption, we can infer that a large quantity of
various pore structures in the Longmaxi Formation shales
occurred in the open state. The opening pores, this includes the
cylinder pores with two open-ended and flat-shaped pores, are
the essential parts of the Longmaxi Formation shale pores. So,
there are apparent differences in the pores' structure between
the Longmaxi Formation shales and Qiongzhusi Formation
shales. The total pore volume and specific surface area of the
Longmaxi Formation shales are much higher than those of the
Qiongzhusi Formation shales, which reflect the differences in
the pores' structure of the shale gas reservoirs between the
Longmaxi Formation and Qiongzhusi Formation in the
southern Sichuan Basin.
4. Conclusions
(1) The Lower Paleozoic Longmaxi Formation and Qiongz-
husi Formation marine shales in the southern Sichuan
Basin are characterized by high total organic carbon
content (most TOC > 2.0%), high thermal maturity level
(RO ¼ 2.3%e3.8%, over-mature), and low total porosity
(1.16%e6.87%). The total organic carbon content and
thermal maturity level of the Qiongzhusi Formation shale
is higher than those of the Longmaxi Formation shale;
meanwhile, the total porosity of the Qiongzhusi Formation
shale is noticeably lower than that of the Longmaxi For-
mation shale.
(2) There exists intergranular pore, dissolved pore, crystal
particle pore, intragranular pore, and organic matter pore
in the Lower Paleozoic marine shale in the southern
Sichuan Basin. A greater amount of micro-nano pores
developed in the Longmaxi Formation shales compared to
those in the Qiongzhusi Formation shales. The organic
matter pore, intergranular pore, and intragranular pore are
the most prevalent, not to mention, these are the primary
storage space for shale gas.
(3) The microscopic pores in the Lower Paleozoic marine
shales in the southern Sichuan Basin are mainly composed
of micropores and mesopores, and a small amount of
macropores, which indicate that micropores and meso-
pores are the main contributors of microscopic pores in the
Micropore (<2 nm) Mesopore (2e50 nm) Macropore (>50 nm)
Pore volume/(103 mg/L) Specific surface
area/(m2/g)
Pore volume/(103 mg/L) Specific surface
area/(m2/g)
Pore volume/(103 mg/L) Specific surface
area/(m2/g)
1.46e4.81/3.16 (5) 5.32e16.77/10.77 (5) 7.07e13.50/10.97 (5) 5.24e10.82/8.74 (5) 0.32e3.12/1.46 (5) 0.004e0.030/0.012 (5)
0.87e4.75/1.89 (12) 1.71e15.87/6.64 (12) 4.81e15.87/9.37 (12) 3.25e13.51/7.36 (12) 0.35e4.34/2.01 (12) 0.001e0.024/0.009 (12)
0.21e2.04/0.93 (3) 0.96e6.89/3.41 (3) 2.84e4.79/3.69 ((3) 1.77e3.22/2.34 (3) 0.29e1.87/0.97 (3) 0.002e0.0.21/0.010 (3)
0.63 (1) 2.81 (1) 3.57 (1) 2.07 (1) 1.01/(1) 0.006 (1)
4.04e6.35/5.19 (2) 12.93e20.04/16.49 (2) 2.21e4.61/3.41 (2) 1.94e4.13/3.04 (2) 0.12e4.00/2.06 (2) 0.001e0.009/0.005 (2)
1.23e1.33/1.28 (4) 4.73e5.44/5.09 (4) 1.38e1.98/1.75 (4) 0.69e1.22/1.02 (4) 0.12e0.73/0.42 (4) 0.002e0.013/0.007 (4)
201X. Li et al. / Journal of Natural Gas Geoscience 1 (2016) 195e202Lower Paleozonic shale gas reservoirs in the southern
Sichuan Basin. A large amount of various pore structures
in the Longmaxi Formation shales exists in open states.
The opening pores, this includes cylinder pores with two
open-ended and flat-shaped pores, are the main part of the
microscopic pores in the Longmaxi Formation shales,
which are evidently different from the various pore
structures in the Qiongzhusi Formation shales. The total
pore volume and specific surface area of the Longmaxi
Formation shales are higher than those of the Qiongzhusi
Formation shales; this reflects the differences in pore
structures of the shale gas reservoirs between the Long-
maxi Formation and Qiongzhusi Formation in the southern
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